We have analyzed the spatial and temporal patterns of B lymphocyte-induced maturation protein-1 (Blimp-1) expression during mouse embryonic development. Blimp-1 expression is induced early in the anterior definitive endoderm, mesoderm of head process, and prechordal plate. In ectoderm-derived tissues at later stages, Blimp-1 expression is found in the primitive photoreceptors of neural retina, in differentiated epithelial cells of epidermis, tongue, oral and nasal cavities, and in the precursors of internal root sheaths of hair follicles. In mesoderm-derived tissues, Blimp-1 expression is observed in splanchnopleure, a subset of somatopleure-derived cells in limb buds, and myotomes of somites. Blimp-1 is also expressed in mesenchyme of developing hand plates, digits, branchial arches, nasal processes, and external genitalia. Blimp-1 is present in mesenchyme-derived chondroblasts, supporting cells of taste buds, and papilla of teeth, hair follicles and taste buds. In endoderm-derived tissues, Blimp-1 expression in the foregut region is restricted to a subset of epithelial cells at the headfold stage while expression in the endodermal epithelium of midgut and hindgut persists from the headfold stage to birth. Finally, Blimp-1 is expressed in the migrating primordial germ cells. q
Introduction
The Krüppel-type zinc-finger protein B lymphocyteinduced maturation protein-1 (Blimp-1) drives terminal differentiation of B lymphocytes (Turner et al., 1994) , triggers macrophage differentiation (Chang et al., 2000) , and is expressed in differentiated epithelial cells of adult mice (Chang and Calame, unpublished data) . In B cells and macrophages, Blimp-1 represses transcription of genes involved in proliferation, including c-myc (Lin et al., 1997) and other genes involved in B cell and macrophage identity (Shaffer et al., in press; Chang et al., unpublished) . Blimp-1 is required for embryonic development in mice since targeted disruption of the Blimp-1 gene, prdm1, causes death at E8-E10 (Davis, M.M., personal communication). Blimp-1 homologues, identified in multicellular eukaryotes from human to Caenorhabditis elegans, are evolutionary conserved (Tunyaplin et al., 2000) , and the homologues in Xenopus (Xblimp1) and sea urchin (SpKrox1) were shown to be required during early embryonic development (de Souza et al., 1999; Wang et al., 1996) . Here, we employed monoclonal antiserum against Blimp-1 for immunohistochemical staining to study Blimp-1 expression during mouse embryonic development.
Results and discussion

Blimp-1 in early development
Blimp-1 is first detected at about E7 in the head process region in the anterior definitive endoderm and mesoderm, and in the prechordal plate, consistent with previous observations by de Souza et al. (1999) using in situ hybridization. At about E8, Blimp-1 expression becomes restricted to the endodermal epithelial lining of the growing foregut pocket and its neighboring splanchnopleure (Fig. 1D, E) . Furthermore, at E7-E8, Blimp-1 expression is also found in primordial germ cells (PGCs), which aggregate close to the base of allantois and posterior endodermal lining (Fig. 1A, F) . 
Blimp-1 in ectoderm
In neural ectoderm-derived tissues, Blimp-1 expression is restricted to the primitive retinal neurons, which are concentrated in the outer neuroblastic layer from about E11 until birth ( Fig. 2A-E) . However, Blimp-1 is not expressed in brain, CNS, and other neural ectoderm-derived tissues. In surface ectoderm-derived tissues, Blimp-1 expression is restricted to the outer differentiated layer of stratified squamous epithelia covering the epidermis, oral cavity and tongue, and nasal cavity ( Fig. 2F-H) but not in the basal cells of the epithelia. Blimp-1 is also expressed in the precursors of internal root sheaths of hair and vibrissae follicles (Fig. 3L, M) but not in the matrix cells enveloping dermal papilla.
Blimp-1 in mesoderm
Blimp-1 expression in mesoderm-derived tissue is detected in splanchnopleure from E8-E9 (Figs. 1D and 3A) and a subset of somatopleure-derived cells found within the limb buds at their initial elevation stage (Fig. 3A, B) but not at later stages (not shown). From E9-E11, Blimp-1 expression is restricted to myotomes of somites (Fig. 3B , C) but not in the differentiated myoblasts at later stages (not shown).
During organogenesis, Blimp-1 is expressed in chondroblasts found in perichondrium surrounding the cartilaginous models of developing bone (Fig. 3D) . Blimp-1 is also expressed in mesenchymal cells at various sites of tissue formations. For example, Blimp-1 is expressed in mesenchymal cells along the edges of developing branchial arches and nasal processes (Fig. 3E, F) , edges of developing hand plate and digits (Figs. 3G and 2G) , and the tip of external genital tubercle (Figs. 3H and 4C) . The expression appears when these protruding tissues begin to develop but diminishes when development is complete. During tongue development, Blimp-1 is expressed in lingual papillae and cells that support the taste buds (Figs. 3I and 2G) . During tooth development, Blimp-1 is expressed in the dental papillae at the cap stage (Fig. 3J) , and in primitive odontoblasts at The non-specific background staining close to the posterior end of (A-C), and along the outer lining of (D,E) correspond to extra-embryonic cell debris. Abbreviations: all, allantois; ac, amniotic cavity; ps, primitive streak; ne, neural epithelium. Scale bar indicates 1 mm. Blimp-1 expression is observed in the outer neuroblastic layer of neural retina (arrows), and in the hair follicles in eyelid (white arrow in E). (F) Transverse section through the digits of an E18 embryo. Blimp-1-expressing cells are on the surface layer of epidermal epithelium (arrows), and also in the mesenchyme concentrating at the protruding digit (white arrow). (G) Sagittal section through the oral cavity of an E18 embryo. Blimp-1-expressing cells are located on the surface layer of stratified lingual epithelium (arrows) and also in the lingual papillae and supporting cells of taste buds (white arrows). (H) Sagittal section through the nasal process of an E18 embryo. Blimp-1 is expressed on the surface layer of the stratified squamous epithelium of nasal cavity (arrows), and also in the mesenchyme along the frontal edge of nasal processes (white arrow). Abbreviations: nr, neural retina; rpe, retinal pigment epithelium; lv, lens vesicle; on, optic nerve; el, eyelids; sse, stratified squamous epithelium; oc, oral cavity; oe, oral epithelium; lp, lingual papilla; tb, taste bud; ctb, cartilage of turbinate bones; mnp, median nasal process. Scale bar indicates 1 mm. the bell stage (Fig. 3K) ; expression diminishes when dentin and enamel formation begins in newborn (not shown). During hair and vibrissae development, Blimp-1 is present in the dermal papillae throughout developmental stages (Fig. 3J , L, M) but diminishes when hair follicles become mature in the newborn (not shown).
Blimp-1 in endoderm
Blimp-1 expression in the foregut is restricted to a subset of endodermal epithelial cells at the headfold stage (Figs. 1D and 4A) but is not observed in its derivatives, like lungs, liver, or thymus (not shown). Blimp-1 expression in the foregut-derived tissues reappears later at about E18 in esophagus in the differentiated layer of stratified squamouse esophagus epithelium (Fig. 4E) . Blimp-1 expression in the endodermal epithelial lining of midgut and hindgut, however, persists from E9 through till birth (Fig. 4B-D) .
Blimp-1 in primordial germ cells
Blimp-1-expressing PGCs are observed among the endodermal cells of yolk sac near the allantois at about E7-E8 (Fig. 1A, D) . Subsequently from E9-E11, these large, spherical Blimp-1-expressing PGCs migrate along the dorsal mesentery of the hindgut to the urogonadal ridges, and aggregate in the primitive gonads at about E11-E12 (Fig.  5A-F) . The identity of PGCs has been confirmed by the expression of SSEA-1 (Stage-specific mouse embryonic antigen), a marker for PGCs from E9.5-E14.5 (Donovan et al., 1986) . However, Blimp-1 expression in PGCs is rapidly terminated after E13 (not shown).
Materials and methods
Antibody specificity
The monoclonal antibody, 3H2E8, was obtained after immunization with a peptide (amino acids 199-409) from mouse Blimp-1. The specificity of 3H2E8 was confirmed by positive immunocytostaining of endogenous Blimp-1 and ectopically expressed Blimp-1 in cells (not shown) and negative staining following pre-absorption of 3H2E8 with Blimp-1 peptide (amino acids 199-409) (not shown).
Immunohistochemistry
Fixation and impregnation
BALB/c and C57BL6 mice embryos from various stages of development were dissected from euthanized pregnant Sagittal sections through the lower jaws of E13 and E16 embryos. Blimp-1 expression is observed in the mesenchyme of dental papillae bordering the dental lamina (arrows). In (J), Blimp-1 expression is also seen in the mesenchyme of developing dermal papillae of hair follicles at the external part of lower jaw (white arrows). (L,M) Para-sagittal sections through the frontal nasal prominence region of E13 and E17 embryos. Blimp-1 is expressed in the dermal papillae of vibrissae (arrow) and hair follicles (arrowheads) and also in the precursors of internal root sheath (white arrow). Abbreviations: pcc, pericardial cavity; fmj, foregut-midgut junction; da, dorsal aorta; lb, limb bud; sv, sinus venosus; nt, neural tube; sg, spinal ganglion; ugr, urogenital ridge; dm, dorsal mesentery; pc, peritoneal cavity; pcv, posterior cardinal vein; ia, intercostals arteries; 1ba, first branchial arch; 2ba, second branchial arch; mnp, median nasal process; lnp, lateral nasal process; np, nasal pit; gen, genital tubercle; us, lumen of urogenital sinus; tb, taste bud; lp, lingual papilla; tg, tongue; lj, lower jaw; dl, dental lamina; dep, dental papilla; hb, hair bulb; vb, vibrissae bulb; drp, dermal papilla; irs, internal root sheath. Scale bar indicates 1 mm.
females, washed in ice-cold phosphate-buffered saline (PBS) before transferring into freshly prepared ice-cold 4% paraformaldehye (Sigma, prepared in PBS, pH 7.4) and fixed overnight at 48C on a rocker. Paraformaldehye was sequentially replaced with ice-cold 1 £ PBS, 0.85 % NaCl (saline), 1:1 ratio of ethanol:saline, and twice in 70% ethanol for 30 min each at 48C on a rocker. The subsequent dehydration, embedding, and sectioning steps were performed by the Histology Facility of Columbia University.
Preparation for staining
Slides with 3-5-mm sections were deparaffinized twice in xylene for 5 min each, washed thrice in 100% ethanol for 5 min each, and subsequently rehydrated in 95, 75, 50, 30% ethanol, and distilled water for 5 min each. Slides were transferred into a plastic slide holder (VWR), immersed in a 1000-ml beaker with 800 ml of 10 mM EDTA, pH 7.8. The beaker was covered with Saran wrap punched with holes, boiled vigorously for 8 min at 100% power, and simmered for 15 min at 30% power. The slides were allowed to cool to room temperature for 30-60 min, transferred to staining dishes and washed twice in TBS-T (0.05 M Tris-HCl, pH 7.5, 0.9% NaCl, and 0.1% Tween 20). Slides were then blotted for 10-30 min in egg white (one egg white in 100 ml PBS, 0.1% NaN 3 ), washed in TBS-T, blotted again in 5% milk (in TBS-T) for 10-30 min, and washed twice and kept in TBS-T.
Immunostaining
Slides were pre-incubated with 3% human serum in primary hybridization buffer (TBS, 2% BSA, and 0.1% NaN) for 5-10 min before applying primary antibody immediately after pouring off pre-hyb, and incubated in a TBS-humidified chamber for about 12-18 h at 48C. Blimp-1 monoclonal antibody, 3H2E8, was diluted at 1:50 to 1:100 in primary hybridization buffer. Isotype-matched mouse IgG1 antibody standard unlabeled (Southern Biotech.) was used as a negative control. Slides were then washed six times in TBS-T, 5 min each, before incubating with the secondary antibody, anti-mouse IgG1 conjugated with alkaline phosphatase (Southern Biotech.) at 1:1000 dilution in the secondary hybridization buffer (TBS, 5% human serum, 10% egg white, 0.5% milk) for 2 h at room temperature. After incubation, slides were again washed six times in TBS-T for 5 min each. Color reaction was performed by incubating slides in NBT/BCIP solution (Roche, NBT and BCIP solutions or NBT/BCIP ready-to-use tablets following manufactures' protocol) for 1-18 h at room temperature in the dark. The color reaction was stopped by washing/rinsing slides in tap water several times before mounting with glycerol gelatin (Sigma).
For double staining with a second primary antibody, slides (after washing in tap water) were put back in beaker with 800 ml of 10 mM EDTA at pH 7.8, boiled for 8 min at . PGCs expressing Blimp-1 (blue-purple nuclear staining) and SSEA-1 (red surface staining) are aggregated in the urogenital ridge while a few still scatter in the dorsal mesentery (arrows). On the other hand, Blimp-1 expressing endodermal epithelium of midgut does not express SSEA-1 (white arrow). (D,E) Para-sagittal sections through the lower abdomen of E10 and E11 embryos. (F) An enlarged view of the primitive gonadal ridge of (E). Again, PGCs expressing Blimp-1 (blue-purple nuclear staining) and SSEA-1 (red surface staining) are either scatter in the dorsal mesentery or aggregate in the primitive gonadal ridge. Blimp-1-expressing myotomes and epithelium of hindgut are negative for SSEA-1 staining (white arrows). Abbreviations: hd, hindgut diverticulum; pc, peritoneal cavity; uv, umbilical vein; gr, genital ridge; mn, mesonephros; da, dorsal aorta; dm, dorsal mesentery; ugr, urogenital ridge; pcv, posterior cardinal vein; not, notochord; nt, neural tube; gr, gonadal ridge. Scale bar indicates 1 mm. A global view of a section through the abdomen of an E18 embryo. Blimp-1 is consistently expressed in the endodermal epithelial lining of intestine (arrows). (E) Section through the caudal part of esophagus. Blimp-1 expression is observed in the surface layer of stratified squamous endodermal epithelium. Abbreviations: phc, pharyngeal cavity; acv, anterior cardinal vein; dm, dorsal mesentery; ugr, urogenital ridge; gen, genital tubercle; eso, esophagus. Scale bar indicates 1 mm.
100% power and simmered for 15 min at 30% power to inhibit alkaline phosphatase activity from anti-mouse IgG1-AP. After cooling down to room temperature for 30-60 min, slides were washed twice in TBS-T, pre-incubated with 3% human serum in TBS-humidified chamber before applying the second primary antibody and was incubated overnight at 48C. The primary antibody, MC-480 supernatant (containing antibody against SSEA-1, purchased from DSHB, University of Iowa), was used at 1:5 dilution. The NS-1 supernatant (DSHB) was used as negative control. The subsequent washing, secondary antibody incubation, color reaction, and mounting were essentially the same as previous. The secondary antibody used was anti-mouse IgM-AP, and the AP substrate used for color reaction was Sigma Fast TM Fast Red TR/Naphthol AS-MX Tablet Sets (Sigma) following manufacturer's protocol.
